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Abstract
The 0+g.s. → 2+1 excitation of the neutron-rich nucleus 28Ne has been investigated via heavy-ion inelastic scattering in re-
versed kinematics. The B(E2;0+g.s. → 2+1 ) value was determined to be 132(23) e2 fm4, which is smaller than expected from the
low excitation energy of the first 2+1 state. A comparison with theoretical predictions suggests that the suppressed collectivity
in 28Ne is characteristic of nuclei lying on the boundary of the ‘island of inversion’.
 2005 Elsevier B.V.
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Open access under CC BY license.One of the most fundamental questions about ex-
otic nuclei is how their structure changes when they
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Open access under CC BY license.have large proton-to-neutron asymmetries, compared
to nuclei at and near the β-stability line. Neutron-rich
isotopes in a region of the ‘island of inversion’ [1] cen-
tered at Z ∼ 11 and N ∼ 21 have provided intriguing
examples that the structure drastically changes from
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magic number. Evidence for this anomalous defor-
mation was first found from extensive mass measure-
ments of neutron-rich Ne, Na, and Mg isotopes [2–5].
More direct experimental information has been ob-
tained through γ -ray spectroscopy on low-lying ex-
cited states. The low excitation energy E(2+1 ) of the
first 2+ (2+1 ) state and the enhanced B(E2;0+g.s. →
2+1 ) (referred to as B(E2↑) hereafter) value measured
for 32Mg [6,7] reveal an abrupt appearance of a large
deformation in 32Mg. Later γ -ray measurements, ex-
tended to the neighboring isotopes 30Ne [8], 31Na [9],
and 33,34Mg [10–12], suggest a deformation of these
isotopes around Z = 10–12 and N = 20–22. Interest
is now directed at the issue of how the shape transition
occurs around the boundary of the island of inversion.
As the most neutron-rich even–even isotope along
the N = 18 line, 28Ne attracts much attention [13,
14] because of its location close to the island of in-
version where an enhancement of quadrupole defor-
mation is possible. A sudden decrease of E(2+1 ) at
N = 18 among the neutron-rich Ne isotopes (24Ne:
1.98 MeV, 26Ne: 2.02 MeV [14], 28Ne: 1.29 MeV [13,
14], and 30Ne: 0.79 MeV [8]) suggests that a tendency
towards deformation occurs at 28Ne. Deformation of
28Ne has been studied for various theoretical models
[15–22]. In a shell-model picture, it is necessary to in-
clude the 2h¯ω configurations across the N = 20 shell
gap to give a better description of the drastic enhance-
ment of quadrupole deformation of the neutron-rich
Ne and Mg isotopes around N = 20 [1,15,18]. In the
case of 28Ne, the low E(2+1 ) supports the significant
role of the 2h¯ω configurations both in the ground state
and in the 2+1 state [18]. On the other hand, the ex-
perimental binding energy is well reproduced by the
0h¯ω calculation based on the N = 20 closed shell,
which predicts a rather spherical shape of 28Ne [15].
A large B(E2↑) value reported in an earlier study
of intermediate-energy Coulomb excitation [13] might
imply large deformation of 28Ne, however a definite
conclusion cannot be made due to the relatively large
experimental uncertainties. Thus, further experimen-
tal effort towards a precise determination of B(E2↑)
of 28Ne is called for.
In the present Letter, we report a further mea-
surement of B(E2↑) for 28Ne by intermediate-energy
heavy-ion inelastic scattering in reversed kinematics.Improved statistical accuracy has been achieved by us-
ing a high-intensity primary beam of 40Ar (∼ 60 pnA)
and the large acceptance RIKEN Projectile Fragment
Separator (RIPS) [23] at RIKEN. In addition, we de-
termine B(E2↑) by inelastic scattering using lead and
carbon targets. The B(E2↑) value was obtained from
the 2+1 excitation cross section with the lead target,
while the measurement with the carbon target was
used to evaluate possible contributions from nuclear
excitations.
The experiment was performed at the RIKEN Ac-
celerator Research Facility using the same experimen-
tal arrangement described in Ref. [12]. A radioactive
beam of 28Ne was produced via fragmentation of a 95-
MeV/nucleon 40Ar beam with a 463-mg/cm2-thick
9Be target, and was separated by RIPS. The beam par-
ticles were identified event-by-event by the time-of-
flight (TOF)–E method. Two 0.3-mm-thick plastic
scintillators placed 5.3 m apart along the beam line
were used to make the TOF measurement, while the
E information was obtained by a 0.35-mm-thick
silicon detector placed at the first achromatic focal
plane of RIPS. The 28Ne beam had a typical inten-
sity of 100 counts per second and a purity of around
40%. The major contaminant particles were 29,30Na
and 31Mg. The beams were directed onto the reac-
tion target placed at the final focal plane of RIPS. Two
different targets of 693-mg/cm2-thick Pb and 339-
mg/cm2-thick C were used to excite the projectiles.
The energies of 28Ne nuclei in the middle of the tar-
gets were calculated to be 46 MeV/nucleon for both
targets. A measurement with no target was also per-
formed to evaluate possible background contributions.
Scattered particles were detected and identified by
the E–E method using a Si-detector telescope lo-
cated 44 cm downstream from the target. The tele-
scope comprised four layers of ion-implanted sili-
con detectors having thicknesses of 0.5, 1.0, 1.0, and
0.5 mm, respectively. The telescope had an active di-
ameter of 92 mm and covered laboratory scattering
angles up to 6.0 degrees. The scattered 28Ne isotopes
were stopped in the second or third detector. The ob-
tained E–E spectrum was rather complicated due
to effects caused by ions stopped in the dead layers
of the silicon detectors and non-uniformity of the de-
tector thickness. However, it was useful in identifying
inelastic scattering of 28Ne among other events from
neutron removal reactions. For the 2+ excitation with1
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46 MeV/nucleon.the Pb and C targets, about 80% and 95%, respectively,
of the inelastically scattered 28Ne isotopes were de-
tected by the telescope. This was evaluated by a Monte
Carlo simulation that took into account the finite spot
size and angular spread of the incident beam, multi-
ple scattering in the secondary target, and the detector
geometry as well as theoretical angular distributions
calculated with the ECIS79 code [24]. The simulation
was also used to extract B(E2↑) from the measured
cross sections, as described later.
Deexcitation γ rays were detected by the DALI
array [7], which is composed of 66 NaI(Tl) detec-
tors surrounding the target from 30 to 140 degrees
with respect to the beam axis. Each detector had
a rectangular-prism shape with a size of 6 × 6 ×
12 cm3 and was placed at a mean distance of about
20 cm from the target. Segmentation of the array facil-
itated Doppler-shift corrections, which were essential
to measure deexcitation γ rays emitted from the 28Ne
nuclei in flight. The energy and efficiency calibrations
of each NaI(Tl) detector were made by using standard
22Na, 60Co, 88Y, and 137Cs sources. The energy reso-
lution of each detector was typically 7% FWHM for
1275-keV γ rays as measured with the 22Na source.
The detector responses and efficiencies for γ rayswere simulated by the GEANT code [25]. The simu-
lated spectral shape of a γ ray was used as a fitting
function in deducing a full-energy-peak yield from
the experimental energy spectrum. The calculated full-
energy-peak efficiency was 15.2% for 1288-keV γ
rays emitted from 28Ne particles moving with v/c ≈
0.3. The systematic error of the efficiency calculation
was evaluated to be 7% based on the comparison with
the measurements using the standard sources.
Doppler-corrected γ -ray energy spectra measured
in coincidence with inelastically scattered 28Ne iso-
topes are shown in Fig. 1. The left and right panels
show the spectra obtained with the Pb and C targets,
respectively. Background subtractions were made us-
ing the data taken with no target. As clearly seen in
Fig. 1, a γ -ray peak is evident at 1288(12) keV for
both targets, which is attributed to the 2+1 → 0+g.s.
transition in 28Ne. The measured γ -ray energy of
1288(12) keV agrees well with two previous results
from in-beam γ -ray studies of intermediate-energy
Coulomb excitation (1320(20) keV) [13] and frag-
mentation reactions (1290(25) keV) [14]. Background
contributions at around 900 keV mainly come from
the one-neutron removal reaction of 28Ne, leading to
the bound excited state in 27Ne, which could not be
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the C(28Ne, 27Neγ )X reaction.
removed using particle information. This was con-
firmed by analyzing the Doppler-shift corrected spec-
trum for 27Ne observed in the C(28Ne, 27Neγ )X re-
action, shown in Fig. 2. Together with weak γ rays
from the 2+1 states of 26,28Ne (2.0 MeV for 26Ne and
1.3 MeV for 28Ne), a γ -ray peak is clearly seen at
870(16) keV, which is a candidate for the unknown
transition in 27Ne. The spectra in Fig. 1 also include
small contributions from the γ rays of 26Ne.
Angle-integrated cross sections for the 2+1 excita-
tion of 28Ne were obtained from the measured γ -ray
yields. In the present study, we obtained the effec-
tive angle-integrated cross sections, which are defined
as the differential cross sections for the 2+1 excitation
integrated over the angular extent of the Si-detector
telescope. Contributions from cascade decays feeding
the 2+1 state were estimated by the ECIS calculations
to obtain the 2+1 excitation cross sections. In 28Ne, the
second excited state at 3000(75) keV, tentatively as-
signed to 4+1 [14], is the only known state that decays
to the 2+1 state. The ECIS calculations were thus per-
formed in the standard rotational model by taking into
account the two-step excitation of the 0+g.s. → 2+1 and
2+1 → 4+1 transitions. The optical potential obtained
from the 40-MeV/nucleon 20Ne + 208Pb reaction [26]
was used in the calculations. By assuming a deforma-
tion parameter β2 of 0.4 for the rotational band, the
feeding contributions were evaluated to be approxi-mately 6% and 7% for the 2+1 population with the Pb
and C targets, respectively. While the above evalua-
tion depends on assumptions regarding structural in-
formation of the 3000-keV state, the estimated value
of 6% for the Pb reaction is consistent with the 1σ up-
per limit of 11% estimated from the γ –γ coincidence
events in the present Pb data. After subtracting the
estimated feeding contributions, the effective angle-
integrated cross sections of 93(13) mb and 36(6) mb
were obtained for the 28Ne+Pb and 28Ne+C inelastic
scattering, respectively. The quoted errors are domi-
nated by the statistical ones, while they also include
the systematic errors added in quadrature. The system-
atic errors mainly stem from uncertainties in the γ -ray
efficiency calculations (7%), as well as the ambiguities
in the feeding contributions (4%).
To obtain the reduced E2 transition probability
B(E2↑), a distorted wave calculation was performed
using the coupled channel code ECIS79 [24] in a
similar fashion to that used in Refs. [7,12]. Since
there is no relevant data for 28Ne elastic scattering,
we used two sets of optical potential parameters ob-
tained for 40-MeV/nucleon 20Ne + 208Pb [26] and
41-MeV/nucleon 40Ar + 208Pb [27] elastic scatter-
ing data. The ECIS calculation includes two defor-
mation parameters, the Coulomb deformation pa-
rameter βC2 and the nuclear deformation parameter
βN2 , where the former is directly related to B(E2↑)
as βC2 = 4π
√
B(E2↑)/3ZeR2. By assuming β2 =
βC2 = βN2 , experimental deformation parameters βC2 of
0.34(3) and 0.38(3) were extracted, respectively, for
the 20Ne + 208Pb and 40Ar + 208Pb potentials from the
measured cross section of the 28Ne + Pb reaction. To
evaluate possible ambiguities arising from nuclear ex-
citation contributions, we made the ECIS calculations
with another assumption, fixing βN2 to the values of
0.32 and 0.40 obtained by fitting the 28Ne + C data
with the ECIS predictions using the above two poten-
tials. The results for βC2 were 0.36 and 0.37 for the
two potentials, which agree well with the results for
β2 = βC2 = βN2 . By taking an average of the four values
deduced above, we determined βC2 for the 2
+
1 state of
28Ne to be 0.36(3). The quoted error includes experi-
mental uncertainties as well as theoretical ambiguities
arising from the choice of optical potentials and the
assumption for the nuclear deformation parameter. We
thus obtained B(E2;0+ → 2+) = 132(23) e2 fm4,g.s. 1
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269(136) e2 fm4 [13] with small overlap of the errors.
The deformation parameters β2 for the other N =
18 isotones obtained from the measured B(E2↑) val-
ues are known to be 0.26(1) for 36Ar [28], 0.25(1) for
34S [28], 0.22(3) for 32Si [28], and for 30Mg, values
of 0.43(2) [13], 0.52(3) [29], and 0.39(3) [30] have re-
cently been obtained. The present result for 28Ne of
β2 = 0.36(3) indicates that the degree of collectivity
in 28Ne is comparable to those measured for the other
N = 18 isotones. Drastic enhancement of quadrupole
collectivity compared to neighboring nuclei is a char-
acteristic signature of nuclei lying in the ‘island of
inversion’, as shown in studies of 32,34Mg [7,12,13,
29]. The present result thus leads to the conclusion that
the 28Ne isotope should not be considered as lying in
the island.
To survey systematic trends of collective behav-
ior, the measured values of E(2+1 ) and B(E2↑) for
the neutron-rich Ne isotopes are plotted in Fig. 3(a)
and (b), respectively. The measured E(2+1 ) rapidly de-
creases as the neutron number increases, which might
indicate an enhanced collectivity for 28Ne and 30Ne.
On the other hand, a comparison of the B(E2↑) data
among 26–30Ne, including the present result on 28Ne,
indicates that collectivity of 28Ne is even smaller than
that of 26Ne, despite the considerable decrease of
E(2+1 ). The data are also compared with theoretical
predictions by the 0h¯ω shell model [15] and the Monte
Carlo shell model (MCSM) [18]. The MCSM calcula-
tion accommodates the 2h¯ω configurations by allow-
ing 2p2h excitations of neutrons across the N = 20
shell gap, while the N = 20 closed shell is assumed
in the 0h¯ω shell model. The MCSM calculation shows
a considerable 2h¯ω component in the Ne isotopes for
N  18, predicting a large enhancement of B(E2↑)
in 28Ne. Indeed, previous studies on E(2+1 ) did claim
a significant role for the 2h¯ω configurations in 28Ne
[13] and 30Ne [8], where the trend in E(2+1 ) favors the
MCSM calculations rather than the 0h¯ω calculations.
However, the present B(E2↑) result for 28Ne accounts
for only about 50% of the predicted MCSM value and
the data is even smaller than the 0h¯ω calculation. The
experimental data of E(2+1 ) and B(E2↑) presently ob-
served for 28Ne contrast markedly with the data for the
other N = 18 isotones, such as 30Mg and 32Si, where
both the E(2+1 ) and B(E2↑) values are in good agree-
ment with the 0hω calculations [13,18,30].¯Fig. 3. (a) Excitation energy E(2+1 ) of the first 2+1 states; (b)
B(E2;0+g.s. → 2+1 ) values of the neutron-rich Ne isotopes. The
present results for 28Ne (filled circles) as well as the previous data
[8,13,14] (open symbols) are compared with theoretical values of
the 0h¯ω shell model (dashed lines) [15] and the Monte Carlo shell
model (denoted as MCSM, dot-dashed lines) [18]. The data for
30Ne (open squares) are based on the E(2+1 ) and model-dependent
B(E2↑) values obtained from the 30Ne(p,p′) measurement [8].
The structural evolution in the vicinity of the 28Ne
isotope is further examined in Fig. 4 by comparing the
ratios between the measured and predicted values of
(a) E(2+1 ) and (b) B(E2↑) among the Z = 10 and/or
N = 20 nuclei across the region of the island of in-
version. The 0h¯ω shell model calculations for the Ne
isotopes [15] and the N = 20 isotones [31] are used
for the theoretical predictions, while the relevant 0h¯ω
calculations found in Ref. [18] give almost the same
results for these ratios. As shown in the figure, both the
E(2+1 ) and B(E2↑) ratios for 26Ne and 36S are close
to unity, showing the validity of the 0h¯ω calculations
close to the β-stability line. A drastic enhancement of
B(E2↑), together with the low E(2+1 ) ratios, is found
in the ‘island of inversion’ nuclei 30Ne and 32Mg,
pointing to the enhanced collectivity in these nuclei.
H. Iwasaki et al. / Physics Letters B 620 (2005) 118–124 123Fig. 4. Ratios of the experimental data to the 0h¯ω shell model calculations [15,31] for (a) E(2+1 ) and (b) B(E2↑) among the Z = 10 and/or
N = 20 nuclei around the ‘island of inversion’. The present results for 28Ne are shown by filled circles, while the open symbols represent data
taken from Refs. [7,8,13,28,29] (see also caption for Fig. 3 for details).On the other hand, suppressed B(E2↑), contrasting
sharply with the low E(2+1 ) ratios, is evident at 28Ne
and 34Si, both of which are located between the ‘nor-
mal’ (26Ne and 36S) and ‘deformed’ (30Ne and 32Mg)
nuclei. Thus, the suppressed collectivity presently ob-
served in 28Ne can be considered to be a characteristic
signature of nuclei lying on the boundary of the island
of inversion.
One possible scenario related to the suppression of
B(E2↑) for 28Ne follows from a naive shell-model
picture as follows. For isotopes located just on the
boundary of the ‘island of inversion’, a delicate in-
terplay between the normal (0h¯ω) and intruder (2h¯ω)
configurations prevails. Away from the island, the 0h¯ω
configurations dominate both the ground state and
the 2+ state, while the 2h¯ω configurations occur at1higher excitation energies. Degeneracy between these
two configurations is gradually promoted near the is-
land of inversion. Since the 0+–2+ level spacing in
the 2h¯ω configuration is smaller than that in the 0h¯ω
one, configuration mixing firstly occurs between the
two unperturbed 2+ states with the 0h¯ω and 2h¯ω con-
figurations, pushing down the 2+1 energy in 28Ne [13].
In this circumstance, deformation is promoted mostly
in the 2+1 state, while the ground state remains rather
spherical. As for the E2 strength, the small overlap
between the ground state and the 2+1 state may lead
to a hindered B(E2↑) in 28Ne, despite the lowered
E(2+1 ). Consequently, substantial E2 strength would
be found in the transition to the second 2+ (2+2 ) state
in 28Ne, as shown in the similar argument made for
34Si [31]. In the present measurement, the 1σ upper
124 H. Iwasaki et al. / Physics Letters B 620 (2005) 118–124limit of B(E2;0+g.s. → 2+2 )  74 e2 fm4 was obtained
from the Pb data by assuming that the 2+2 state is lo-
cated at 2–4 MeV and decays though the 2+2 → 0+g.s. or
2+2 → 2+1 → 0+g.s. transitions. To form a complete pic-
ture for the 28Ne isotope, it would be worth performing
further theoretical investigations considering the 0h¯ω
and 2h¯ω configurations, since the degree of suppres-
sion of B(E2↑) in 28Ne is less significant than that of
34Si. It might also be important to consider other ef-
fects, such as reduction of the effective charges [22,
32] and simultaneous proton and neutron excitations
across the Z = 8 and N = 20 shell gaps [33], which
have been suggested for the light neutron-rich nuclei
in the vicinity of 28Ne.
The structure of 28Ne has also been investigated
theoretically in the framework of the deformed-basis
antisymmetrized molecular dynamics plus genera-
tor coordinate method (AMDGCM) [20] and by the
mean-field approach with the method of angular-
momentum projection (AMPGCM) [21]. These stud-
ies also predict an abrupt change from spherical to
deformed shapes among the neutron-rich Ne isotopes
around N = 20. While the predicted B(E2↑) results
for 28Ne (208 e2 fm4 for AMDGCM and ∼ 180 e2 fm4
for AMPGCM) are still larger than the present ex-
perimental result, both calculations show a smaller
deformation in the ground state compared to a pro-
lately deformed 2+1 state, providing a qualitative
agreement with the expectation for the boundary nu-
cleus 28Ne.
To summarize, we have measured the 0+g.s. → 2+1
excitation in the very neutron-rich nucleus 28Ne us-
ing a radioactive 28Ne beam incident on lead and
carbon targets. In contrast with the low excitation
energy of the 2+1 state, a small B(E2;0+g.s. → 2+1 )
value of 132(23) e2 fm4 was deduced. A comparison
between the experimental and theoretical values of
E(2+1 ) and B(E2↑) highlights the suppressed collec-
tivity in the 0+g.s. → 2+1 excitation of 28Ne as a char-
acteristic signature of the boundary of the island of
inversion.
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